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Edited by Francesc PosasAbstract The family of polo like kinases (Plks) regulate cell
cycle progression through key functional roles in mitosis. While
the four mammalian family members, Plk1-4, share overlapping
functions, each member possesses unique functions that may be
dictated in part by their ability to phosphorylate diﬀerent sub-
strates. Numerous cellular substrates for Plk1, 2, and 3 have
been characterized, but the protein targets for Plk4/Sak remain
unknown. We have puriﬁed the kinase domain of Sak and dem-
onstrated that it has robust kinase activity in vitro. Using in vitro
kinase assays on peptide spots arrays, we determined the consen-
sus phosphorylation motif for Sak to be ¥-[Ile/Leu/Val]-Ser/
Thr-/-/-X-¥/Pro (where / denotes a large hydrophobic residue,
¥ is a charged residue dependent on the context of the surround-
ing sequence, and residues in brackets are unfavoured). This con-
sensus phosphorylation motif diﬀers from that of Plk1, and
provides a basis for future studies to identify in vivo substrates
of Sak.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The four mammalian polo like kinases (Plks), Plk1, Plk2/
Snk, Plk3/Prk/Fnk, and Plk4/Sak (herein referred to as Sak),
are characterized by the presence of an N-terminal Ser/Thr ki-
nase domain and a C-terminal polo box domain (PBD), com-Abbreviations: Plk, polo like kinase; Snk, serum-inducible kinase; Prk,
proliferation-related kinase; Fnk, FGF-inducible kinase; Sak, Snk-
akin kinase; PBD, polo box domain; KD, kinase domain; KIM, kinase
interacting module; APC, anaphase promoting complex; Cdk1, cyclin
dependent kinase-1; Cdc25C, cell division cycle 25C; Scc1, sister chr-
omatid cohesion protein 1; Myt1, membrane-associated tyrosine/thr-
eonine inhibitory kinase 1; B3, cyclin B3; ASP, abnormal spindle
protein; AKAP, A-kinase anchoring protein 3; APC1, anaphase pro-
moting complex subunit 1; MSC3, meiotic sister chromatid recombi-
nation protein 3; ABL, Abelson tyrosine kinase
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termed polo boxes. The Plks regulate cell cycle progression
and are essential for multiple cell cycle processes, including
centrosome duplication, mitotic entry and exit, spindle assem-
bly, activation of the anaphase promoting complex (APC),
sister chromatid separation, and cytokinesis (for reviews, see
[1–8]). In addition, Plks have roles in the spindle and DNA
damage checkpoints [5]. Not surprisingly, Plk substrates iden-
tiﬁed to date have known functions in mitosis and are them-
selves key regulators of the cell cycle. Plk1 and Plk3
phosphorylate cell division cycle 25C Cdc25C phosphatase
[9,10] which in turn activates cyclin dependent kinase-1
(Cdk1), an event that regulates mitotic entry. The sole yeast
Plk1 regulates sister chromatid separation at the metaphase–
anaphase transition by phosphorylating the cohesion subunit
sister chromatid cohesion protein 1 (Scc1) to promote its cleav-
age by Separase [11].
While there is signiﬁcant functional overlap within the Plks,
individual members also display distinct functions. Plk1 and
Sak function mainly during mitosis [1], while Plk2 and Plk3
also function outside of mitosis [12–14]. Functional diversity
may arise from diﬀerent expression patterns for each family
member throughout the cell cycle. Consistent with the mitotic
functions of Plk1, Plk1 protein expression peaks in M phase,
whereas Plk2 protein expression peaks in G1/S [15–17]. In
addition, functional diversity may arise from diﬀerences in
the target speciﬁcity of their kinase domains. Indeed, while
Plk1 and Plk3 both phosphorylate Cdc25C within its nuclear
export signal to promote nuclear localization, each kinase pref-
erentially phosphorylates Cdc25C at diﬀerent sites [10,18]. The
Plk1 consensus phosphorylation motif is Asp/Glu-X-Ser/Thr-/-
X-Asp/Glu where / indicates a hydrophobic residue and deter-
minants strongly selected for are in bold [19]. Determination of
this motif allowed for the identiﬁcation of membrane-associ-
ated tyrosine/threonine inhibitory kinase 1 (Myt1), a protein
involved in Cdk1 regulation, as a Plk1 substrate, and further
clariﬁed the role of Plk1 in mitotic entry. In contrast, the con-
sensus phosphorylation motifs for Plk2, 3, and Sak have not
been characterized. While several substrates are known for
Plk2 and 3 [10,20], no cellular substrates for Sak have been
uncovered to date.
In addition to the identity of its substrates, Sak’s cellular
functions are not well understood. Sak localizes to centro-
somes and the cleavage furrow during cytokinesis [21], and
cells overexpressing Sak are multinucleate [22] with overdupli-
cation of centrioles [23]. Sak knock-out mice are embryonicblished by Elsevier B.V. All rights reserved.
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Sak expression is dysregulated in colon cancers [25], and Sak
heterozygous mice have an increased incidence of developing
liver and lung cancers when compared to wild-type mice [26].
Embryonic ﬁbroblast cells generated from Sak heterozygous
embryos exhibit aberrant mitotic spindle morphologies with
increased incidences of misaligned chromosomes and multipo-
lar spindles [26]. Together, these data suggest the importance
of Sak for centriole regulation and mitotic progression. In
order to assist in the identiﬁcation of cellular targets of Sak,
we set out to determine the consensus phosphorylation motif
of this kinase using in vitro phosphorylation assays on peptide
spots arrays.2. Materials and methods
2.1. Protein expression, mutation, puriﬁcation, and phosphatase
treatment
The Sak kinase domain (residues 1–390) of murine Sak was sub-
cloned into modiﬁed pGEX vectors (Pharmacia) for cleavage and re-
moval of GST with diﬀerent proteases. The catalytically inactive
mutant, D154N (kinase subdomain VII), which has an impaired ability
to coordinate Mg2+/ATP, was generated using the Quikchange muta-
genesis kit (Stratagene). Protein was expressed in Escherichia coli, puri-
ﬁed by aﬃnity chromatography using glutathione sepharose
(Pharmacia) and eluted by addition of glutathione for the production
of the intact GST fusion protein, or by cleavage with TEV protease for
the production of the isolated kinase domain. The eluate was concen-
trated and applied to a Superdex 200 gel ﬁltration column for ﬁnal
puriﬁcation. SakPBD (residues 839–925) encompassing the polo box
domain of Sak, and SakKIM (residues 525–796) encompassing a region
of Sak shown previously to interact with the kinase domain [21], were
expressed and puriﬁed from E. coli as poly-histidine tag fusion proteins
using the pProEX vectors (Invitrogen). His-SakPBD and His-SakKIM
were used as exogenous substrates for phosphorylation assays or as
prey for aﬃnity pull down assays to detect interactions with SakKD.
His-tagged proteins were puriﬁed by aﬃnity chromatography using a
HiTrap Chelating HP column (Amersham) and eluted with imidazole.
Eluate containing Sak protein was concentrated and applied to a
Superdex 75 gel ﬁltration column for ﬁnal puriﬁcation. Thirty amino
acid peptide fragments encompassing the peptide motifs of human
Anaphase promoting complex subunit 1 (APC1; residues 820–849),
human Abnormal spindle protein (ASP; residues 191–220), and the
Saccharomyces cerevisiae Meiotic sister chromatid recombination
protein 3 (MSC3; residues 699–728) were generated as GST fusion pro-
teins for use as substrates for in vitro phosphorylation assays. GST-
APC1820–849, GST-ASP191–220, and GST-MSC3699–728 were expressed
in E. coli, puriﬁed by aﬃnity chromatography using glutathione se-
pharose and eluted by addition of glutathione for the production of
the intact GST fusion protein. For dephosphorylation of SakKD and
GST-SakKD, 5 lg of protein was incubated with 5 lg of k Phosphatase
in 20 mM HEPES pH 7.5, 250 mM NaCl, 2 mM DTT, 2 mM MnCl2
to a total volume of 20 lL for 2 h at room temperature. Full dephos-
phorylation was assessed by a quantitative shift in molecular weight to
faster migrating species as visualized on Coomassie-stained SDS–
PAGE gels.2.2. Kinase assays
Five micrograms of GST-SakKD, GST-SakKDD154N, or SakKD was
mixed with 5 lg of substrate (MBP, His-SakKIM, or His-SakPBD) in ki-
nase reaction buﬀer (20 mM HEPES pH 7.5, 250 mM NaCl, 2 mM
DTT, 20 mM MnCl2, 20 mM MgCl2) to a total volume of 40 lL.
For Supplementary Fig. S3, 5 lg of SakKD or GST-SakKDD154N was
mixed with 9 lM of His-SakPBD (5 lg), GST, GST-APC1820–849,
GST-ASP191–220, or GST-MSC3699–728. 37.5 lM cold ATP and 5 lCi
of 32P-labelled c-ATP were added, reactions were incubated at 30 C,
and proteins were resolved by gel electrophoresis. 32P incorporation
was detected using a Storm phosphorimager (Molecular Dynamics).
Cold reactions were run in parallel in the absence of 32P-labelled
c-ATP.2.3. Peptide spots array synthesis and phosphorylation assays
Peptide spots arrays were synthesized by Fmoc-chemistry using a
Multipep synthesizer (Intavis) as described [27]. Membranes were
washed once with 100% ethanol and three times with Tris buﬀered sal-
ine with 0.05% Tween-20. Arrays were incubated with 300 lg puriﬁed
SakKD or 460 lg puriﬁed GST-SakKDD154N in 4 mL kinase reaction
buﬀer supplemented with 12.5 lM cold ATP and 100 lCi of 32P-la-
belled c-ATP for 30 min at 30 C. Membranes were washed four times
with 1% w/v SDS, 8 M Urea, and 0.5% v/v b-mercaptoethanol, four
times with 50% ethanol, 10% acetic acid, 2–3 times with 100% ethanol,
and air dried. 32P incorporation was detected using a Storm phosphor-
imager.2.4. Coimmunoprecipitation
Use of the myc-Sak(1-595) (residues 1–595) (encompassing the kinase
domain), ﬂag-SakKIM (residues 596–836) and ﬂag-SakPBD (residues
819–925) constructs for coimmunoprecipitation assays was reported
previously [21]. Constructs were cloned into a modiﬁed pCAGGS vec-
tor [28] or p3xﬂag-CMV-7.1 (Sigma) for expression of myc-tagged or
ﬂag-tagged fusion proteins in mammalian cells. Coimmunoprecipita-
tion experiments from HEK 293T cells were performed as described
[21].
2.5. GST pull down assays
Five micrograms of GST-SakKD (residues 1–390) or GST was bound
to glutathione sepharose beads and incubated with 50 lg of either His-
SakKIM (residues 525–796) or His-SakPBD (residues 839–915) in 25 mM
Tris pH 7.5, 250 mM NaCl, and 5 mM DTT for 2 h at 4 C. Beads
were washed three times with buﬀer and boiled at 90 C. Supernatant
containing GST fusion and interacting proteins were resolved on an
SDS–PAGE gel. Interactions were assessed by the presence of Coo-
massie-stained His-SakKIM or His-SakPBD.
2.6. UniProt/SwissProt database searches
Peptides that possess the core consensus motif Ser/Thr-/-/ (where /
is a large hydrophobic residue) with basic residues positioned any-
where within the +3 to +8 and 1 to 4 positions relative to the phos-
pho-acceptor site were identiﬁed from the UniProt/SwissProt protein
database using the PATTINPROT search engine (PBIL). Thirty-two
peptides were chosen to test for phosphorylation by SakKD based on
the criteria that they were involved in Plk-related mitotic functions.
Of the nine peptides that were phosphorylated by Sak (Table S1), three
were chosen for detailed analysis of determinants using peptide spots
arrays. The Abnormal spindle protein (ASP) peptide of sequence
QHRQTFLDEFDYA, identiﬁed in the PATTINPROT search, was
synthesized with a glycine residue at the N-terminus without deleteri-
ous eﬀects to peptide phosphorylation by SakKD.3. Results
To characterize the catalytic activity of Sak, we subcloned a
390 amino acid fragment encompassing the kinase domain of
murine Sak in wild-type (GST-SakKD) and catalytically inac-
tive (GST-SakKDD154N) forms into plasmids engineered for
expression and puriﬁcation from bacteria. Puriﬁed GST kinase
domain fusion protein (GST-SakKD) and GST-liberated iso-
lated kinase domain (SakKD) yielded protein products of 73
and 47 kDa, respectively (Fig. 1A, lanes 1 and 5). Puriﬁcation
of the catalytically inactive SakKDD154N was hampered by
extensive degradation of the protein upon TEV cleavage of
GST-SakKDD154N. As a result, puriﬁed but non-cleaved
GST-SakKDD154N, which yielded a dominant 65 kDa band
and a minor 55 kDa proteolytic cleavage product (Fig. 1A,
lane 3), was used as a negative control for the assay of catalytic
function.
To determine if recombinant Sak was post translationally
modiﬁed by phosphorylation, the gel mobility of GST-SakKD
and SakKD was assessed following treatment with lambda
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Fig. 1. Sak kinase has robust kinase activity in vitro and phosphorylates a fragment of the His tag. (A) Recombinant GST-SakKD, SakKD and
catalytically inactive GST-SakKDD154N were treated with lambda Phosphatase (kP). Protein bands were resolved by SDS–PAGE and visualized with
Coomassie stain. (B,C) In vitro phosphorylation assays were performed with GST-SakKD, SakKD, and GST-SakKDD154N. MBP, His-SakPBD,
SakPBD, His-SakKIM, or SakKIM, was used as substrate. Top panels show
32P incorporation, and bottom panels show input protein levels as
Coomassie-stained SDS–PAGE gels. (D) The amino acid sequence of the phosphorylated His tag fragment is shown. Boxed residues identify the
potential sites phosphorylated by Sak. Numbers indicate ﬁrst and last amino acid of the sequence. The sequence of the 1S and 2T peptides are
denoted by the brackets. The bottom panel depicts 32P incorporation into the 1S and 2T peptides spots following phosphorylation by SakKD.
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lane 2) and SakKD (Fig. 1A, lane 6) migrated faster than the
untreated samples (Fig. 1A, lanes 1 and 5). Phosphatase trea-
ted GST-SakKD traveled at a molecular weight equivalent to
that of kinase dead GST-SakKDD154N (Fig. 1A, lane 3). Con-
sistent with the expectation that the D154N mutant disrupts
catalytic function, no shift in protein size was detected upon
phosphatase treatment of the GST-SakKDD154N control
(Fig. 1A; lane 4). These results indicate that recombinant
SakKD and GST-SakKD are competent for autophosphoryla-
tion in bacteria.
We next tested the ability of Sak to phosphorylate an exog-
enous substrate, Myelin basic protein (MBP), using an in vitro
kinase assay with radiolabeled 32P-c-ATP. Both GST-SakKD
and SakKD were able to phosphorylate MBP, as well as
autophosphorylate (Fig. 1B, lanes 1 and 3). In contrast,
GST-SakKDD154N was unable to phosphorylate MBP or auto-
phosphorylate (Fig. 1B, lane 2). To determine if SakKD could
phosphorylate regions outside the catalytic domain, we tested
the ability of Sak to phosphorylate His-tagged recombinant
SakPBD (encompassing the polo box domain of Sak) and Sak-
KIM, a domain of Sak (denoted the kinase interacting module)
previously shown to interact with the kinase domain in vivo
[21] and now demonstrated to interact in vitro in Supplemen-
tary Fig. S1. SakKD was able to phosphorylate His-SakPBD
(Fig. 1C, lane 1) and His-SakKIM (Fig. 1C, lane 3). Interest-
ingly, Sak was unable to phosphorylate SakPBD (Fig. 1C, lane
2) and SakKIM (Fig. 1C, lane 4) following proteolytic removal
of the His tag from His-SakPBD and His-SakKIM. These data
indicate that the site of phosphorylation in His-SakPBD and
His-SakKIM resided within the N-terminal hexa-His tag frag-
ment, and not within SakPBD and SakKIM.
In the absence of a bona ﬁde Sak substrate, we used the ro-
bust and speciﬁc phosphorylation of the His tag by Sak as a
surrogate substrate to further characterize the target speciﬁcity
of this kinase. Three potential phosphorylation sites, residuesSer2, Thr16, and Thr17, reside within the N-terminal His tag
fragment (Fig. 1D). To determine which residue was speciﬁ-
cally phosphorylated by SakKD, two peptides corresponding
to residues 1–10 and 11–23 of the His tag fragment were syn-
thesized on an amino-PEG membrane and assayed for phos-
phorylation by SakKD (Fig. 1D). The ﬁrst peptide of
sequence MSYYHHHHHH (peptide denoted 1S) encom-
passed Ser2, while the second peptide of sequence DYDIPT-
TENLYFQ (peptide denoted 2T) encompassed Thr16 and
Thr17. Sak speciﬁcally phosphorylated peptide 1S but not pep-
tide 2T (Fig. 1D) indicating a preference for the Ser2 site.
To identify the substrate determinants surrounding the Ser2
site required for eﬃcient Sak phosphorylation, a peptide spots
array of the 1S peptide was synthesized in which each residue
of the peptide was substituted in turn with every other amino
acid as illustrated in Fig. 2A. Each spot on the array, identiﬁed
by its position on both the vertical and horizontal axes, corre-
sponds to a peptide with a substitution of the residue labeled in
the vertical axis with the residue labeled in the horizontal axis.
Consistent with Sak being a serine/threonine kinase, substitu-
tion of Ser2 (denoted position 0) with threonine allowed phos-
phorylation by SakKD, whereas substitution of Ser2 to any of
the remaining 18 amino acids, including tyrosine, abolished
phosphorylation by SakKD (Fig. 2A). Substitutions in the +1
position reveal a preference for large hydrophobic residues,
particularly Phe, Tyr, Ile and Leu. In addition, substitutions
in the +2 position reveal a preference for large hydrophobic
or bulky residues. Of note, proline is not tolerated in either
the +1 or +2 position. Further examination of other ﬂanking
positions reveals a preference for the basic residues Lys and
His in the 1, and +4 to +8 positions.
To test the signiﬁcance of the preference trends observed in
the 1S array, we sought to synthesize optimal peptide sub-
strates bearing all the favoured residues in the 1S array,
namely large hydrophobic residues in the +1 and +2 positions
and basic residues ﬂanking either side of the phospho-acceptor
A B1S peptide array:
-1  (M)
0  (S)
+1  (Y)
+2  (Y)
+3  (H)
+4  (H)
+5  (H)
+6  (H)
+7  (H)
+8  (H)
A R N DC Q E G H I L K M F P S TW Y V
1S: MSYYHHHHHH
KS: KSFYFKKHHH
RK: RKKKSFYFKKHHH
C RK peptide array:
-1  (K)
0  (S)
+1  (F)
+2  (Y)
+3  (F)
+4  (K)
+5  (K)
+6  (H)
+7  (H)
+8  (H)
-4  (R)
-3  (K)
-2  (K)
A R N D C Q E G H I L K M F P S TW Y V
D B3 peptide array: ASP peptide array: AKAP peptide array:
A R N D C Q E G H I L K M F P S TW Y V
-1  (C)
0  (T)
+1   (I)
+2  (Y)
+3  (G)
+4  (K)
+5   (I)
+6  (C)
+7  (H)
+8  (F)
-4  (K)
-3  (K)
-2  (K)
-1  (Q)
0  (T)
+1  (F)
+2  (L)
+3  (D)
+4  (E)
+5  (F)
+6  (D)
+7  (Y)
+8  (A)
-4  (G)
-3  (H)
-2  (R)
A R N DC Q E G H I L K M F P S T WY V A R N DC Q E G H I L K M F PS TW Y V
-1  (K)
0  (S)
+1  (F)
+2  (F)
+3  (Y)
+4  (K)
+5  (E)
+6  (V)
+7  (F)
+8  (E)
-4  (G)
-3  (T)
-2  (K)
E
+1 Position: 
+2 Position: 
0 Position:  
1S
RK
B3
ASP
AKAP
1S
RK
B3
ASP
AKAP
A R N DC Q E G H I L K M F P S TW Y V
A R N DC Q E G H I L K M F P S TW Y V
A R N D C Q E G H I L K M F P S TW Y V
1S
RK
B3
ASP
AKAP
Core consensus:
0 :   S/T
+1 : Hydrophobic 
 (φ)
+2 : Hydrophobic
  (φ)
sh
or
te
r e
xp
os
ur
e
Fig. 2. Characterization of the core consensus motif for SakKD phosphorylation using in vitro phosphorylation assays on peptide spots arrays.
(A,C,D) The 1S, RK, B3, ASP, and AKAP peptides were synthesized and arrayed such that each amino acid in the peptide sequence (vertical axis)
was systematically altered to every other amino acid (horizontal axis). The target phosphorylation site is denoted position 0 and the remaining
positions are labeled relative to position 0 from 4 (N-terminus) to +8 (C-terminus). Images depict 32P incorporation following phosphorylation by
SakKD. (B) The sequence of the 1S peptide is shown in comparison with the ideal KS and RK peptides. Images depict
32P incorporation following
phosphorylation by SakKD. (E) A comparison of the 0, +1, and +2 positions for all ﬁve arrays reveals the core consensus motif for SakKD as Ser/
Thr-/-/, where / denotes a large hydrophobic residue. Labels on the left indicate the array from which each panel originated, and the general
consensus for each position is shown on the right.
80 G.C. Leung et al. / FEBS Letters 581 (2007) 77–83site. The sequence of two hypothetical optimal Sak substrate
peptides are RKKKSFYFKKHHH (peptide denoted RK)
and KSFYFKKHHH (peptide denoted KS). Phosphorylation
of the RK and KS peptides by SakKD were dramatically in-
creased relative to the 1S peptide (Fig. 2B), which partially val-idates the inferred site preferences for Sak from the 1S array.
The RK peptide now serves as a new point of reference for
the experiments detailed below.
We then reanalyzed the amino acid sequence determinants
for Sak phosphorylation in the context of the RK peptide to
A B
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Fig. 3. The +4 and 2 positions exhibit context dependent charge preferences. The residue preferences at the +4 (A) and 2 (C) positions from each
array shown in 2D are compared. Labels to the left indicate the array from which each panel originated. (B) The AKAP peptide was mutated to
AKAPmut1, and the residue at the +4 position was systematically altered and assayed for phosphorylation by SakKD. (D) The AKAP peptide was
mutated to AKAPmut2, the residue at the 2 position was systematically altered and assayed for phosphorylation by SakKD. The sequences of each
peptide in B and D are displayed to the left, and the residue preferences are displayed to the right. x indicates the position that was systematically
altered. Underlined residues indicate residues altered to create the AKAPmut1 and AKAPmut2 peptides.
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peptide spots array synthesis is limited to a maximum peptide
length of 13 amino acids, the target serine phospho-acceptor
site of the RK peptide was repositioned ﬁve residues from
the N-terminus of the peptide. This allowed us to characterize
the preference of Sak for four residues N-terminal and eight
residues C-terminal to the serine phospho-acceptor site
(Fig. 2C). In agreement with the 1S array, a preference for
hydrophobic residues and the total exclusion of proline in
the +1 and +2 positions were reproduced with the RK array.
As this was the most robustly reproducible feature in all our
arrays, we deﬁne the preference of Sak for these positions as
the core consensus motif: Ser/Thr-/-/, where / denotes a large
hydrophobic residue.
A preference for a basic residue in the positions ﬂanking the
core consensus motif of the 1S array was not apparent in the
RK array. Speciﬁcally, while a basic residue is strongly pre-
ferred in the 1, and +4 to +8 positions of the 1S array, no
apparent preference is observed in those positions of the RK ar-
ray. The lack of an obvious preference for basic residues in the
RK array in comparison with the 1S array may reﬂect a redun-
dancy of basic residues in the optimal RK peptide sequence.
To investigate the ability of the Sak consensus phosphoryla-
tion motif derived from the 1S and RK array to predict protein
sequences that can be phosphorylated by Sak, we tested the
ability of SakKD to phosphorylate peptide sequences in the
UniProt/SwissProt eukaryotic genome databases that possess
the core consensus motif with basic residues positioned any-
where within the +3 to +8 and 1 to 4 positions relative
to the phospho-acceptor site. Thirty-two peptides from 31 pro-
teins were synthesized onto an amino-PEG membrane. Pro-
teins were identiﬁed based on the criteria that they were
involved in Plk-related mitotic functions, and thus may be po-
tential substrates of Plks in vivo. Sak phosphorylated 9 of the
32 peptides tested (Table S1). The inability of Sak to phos-
phorylate 23 of 32 peptides implied the existence of sequence
speciﬁc (i.e. context dependent) eﬀects, outside the core con-
sensus motif, that inﬂuence phosphorylation by SakKD.
To explore how sequence context aﬀects SakKD phosphoryla-
tion, we systematically arrayed 3 of the 9 peptides that werephosphorylated by Sak, and assayed these arrays for phosphor-
ylation by SakKD. The 3 peptides selected were from the pro-
teins Cyclin B3 (B3), abnormal Spindle protein (ASP), and
A-kinase anchoring protein 3 (AKAP) and the arrays for these
peptides are shown in Fig. 2D. Consistent with the 1S and RK
peptide arrays, each array shows exclusive preference for a ser-
ine or threonine at the phospho-acceptor site (Fig. 2E; 0 posi-
tion), a preference for large hydrophobic residues, such as
Phe, Ile, Leu, Tyr, and Trp, in the +1 position (Fig. 2E, +1 po-
sition), and a strong preference for bulky hydrophobic or large
residues including histidine in the +2 position (Fig. 2E, +2 po-
sition). These data are fully consistent with the core consensus
motif derived from the 1S and RK arrays (see Fig. 2E for a fo-
cused comparison). Interestingly, a comparison of the 1 and
2 positions in the B3, ASP, and AKAP arrays reveal a bias
against the hydrophobic residues Ile, Leu, and Val (Fig. 2D).
This bias is in fact present for the equivalent positions in the
1S and RK arrays (Fig. 2A,C), but is only apparent when these
positions are examined closely across all ﬁve arrays.
In agreement with the 1S array, a preference for either a pro-
line or a basic residue is observed in the +4 positions of the B3
and AKAP arrays (Fig. 3A; 1S, B3, and AKAP). In contrast, a
preference for the acidic residues, Asp and Glu, is apparent in
the +4 position of the ASP peptide (Fig. 3A; ASP). The pref-
erence for a basic or acidic residue in this position appears to
correlate with the net charge of the peptide, as the 1S, B3, and
AKAP peptides have a net positive charge, whereas the ASP
peptide has a net negative charge. To test whether the sur-
rounding sequence does confer a preference at the +4 position,
we substituted all the lysine residues of the AKAP peptide with
alanine to create a peptide lacking positively charged residues
(Fig. 3B; AKAPmut1). As a result of these substitutions, the
preference for lysine in the +4 position of the AKAP peptide
was then replaced by a strong preference for the acidic and
polar residues, Asp , Glu and Asn, in the AKAPmut1 peptide
(Fig. 3B). Taken together, these data demonstrate that altering
the context of the residues preceding the target Ser/Thr can
alter the charge preferences in the +4 position.
Similar to the context dependent amino acid preferences ob-
served for the +4 positions of the B3, ASP, and AKAP arrays,
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residue preferences that are inﬂuenced by the sequence of the
peptide. For example, in the context of the AKAP peptide se-
quence (Fig. 3C; AKAP), a preference for the residues Asn,
Asp, Glu, Gly, His, and Lys is observed in the 2 position.
When the lysine in the 1 position was substituted with ala-
nine (AKAPmut2), reexamination of the preferences at the
2 position revealed that the residues Asn and Asp become
strongly favoured (Fig. 3D; AKAPmut2). Similarly, the pres-
ence of an acidic residue in the +4 position of the ASP peptide
confers a preference against the basic residues Arg or Lys in
the 2 position (Fig. 3C; ASP). These data demonstrate that
altering the context of the peptide sequence can inﬂuence the
residue preferences at the 2 position.
To conﬁrm that the signals detected in Fig. 2 were a result of
phosphorylation by SakKD and not a result of non-speciﬁc
binding of 32P-labelled c-ATP to the peptides or membrane,
we subjected the 1S, B3, and AKAP arrays to phosphorylation
assays using catalytically inactive GST-SakKDD154N. As
expected, no 32P incorporation was detected when these arrays
were incubated with GST-SakKDD154N (Supplementary
Fig. S2, top panels) as compared to incubation with SakKD
(Supplementary Fig. S2, bottom panels).
To conﬁrm that Sak can also phosphorylate some of the nine
membrane immobilized peptides when they are free in solu-
tion, 3 of the 9 actual or related sequences from the human
Anaphase promoting complex subunit 1 (APC1), the Saccha-
romyces cerevisiae homologue of Ashbya gossypiiMeiotic sister
chromatid recombination protein 3 (MSC3), and the human
homologue of Drosophila melanogaster Abnormal spindle pro-
tein (ASP), were generated as larger 30 amino acid protein
fragments fused to GST. These protein fragments, denoted
APC1820–849, MSC3699–728, and ASP191–220, were expressed
and puriﬁed from bacteria and tested for phosphorylation by
SakKD. SakKD phosphorylated GST-APC1820–849 (Fig. S3A,
lane 4) to comparable levels as His-SakPBD (Fig. S3A, lane
2), but did not phosphorylate GST alone (Fig. S3A, lane 3),
conﬁrming that this peptide can be phosphorylated eﬃciently
in solution. Comparison of the 30 amino acid sequence from
human ASP used to generate our GST fusion protein with
the 13 amino acid sequence of Drosophila ASP employed in
our peptide array experiments revealed a proline in the +1 po-
sition of human ASP (Fig. S3B). As our peptide array experi-
ments revealed that proline is not tolerated in the +1 or +2
positions, we would predict that GST-ASP191–220 will not be
phosphorylated by Sak. Indeed, SakKD did not phosphorylate
GST-ASP191–220 in solution (Fig. S3A, lane 6). Unexpectedly,
SakKD did not phosphorylate GST-MSC3699–728, which con-
forms to the Sak consensus motif (Fig. S3, lane 5). However,
GST-MSC3699–728 was unstable during puriﬁcation and prone
to aggregation, resulting in low protein yields. The tendency
for this protein to aggregate may render it inaccessible to
Sak in solution. Together, these data further validate the
trends we observe using peptide spots analysis, and demon-
strate that the peptides phosphorylated by SakKD on peptide
arrays can be phosphorylated when free in solution.4. Discussion
We have determined the consensus phosphorylation motif
for Sak to be ¥-[Ile/Leu/Val]-Ser/Thr-/-/-X-¥/Pro, where resi-dues in brackets are unfavoured, / is a hydrophobic residue
with a preference for large hydrophobic groups, and ¥ denotes
a preference for a charged residue where the favoured charge
(i.e. positive or negative) is inﬂuenced by the context of the sur-
rounding sequences. Our in vitro analyses suggest that for pep-
tides that have a net positive charge, Sak favours basic residues
in the 2 and +4 positions. Conversely, for peptides with a net
negative charge, Sak favours acidic residues in the 2 and +4
positions. Other examples of kinases that exhibit context
dependent speciﬁcity and the ability to phosphorylate several
consensus phosphorylation motifs include the c-ABL protein
tyrosine kinase and the Ca2+-dependent protein protein ki-
nases [29,30]. Whether Sak exhibits a context dependent pref-
erence for either an acidic or basic residue in the +4 and 2
positions in vivo remains to be determined.
We tested the ability of Sak to phosphorylate 32 peptide se-
quences from the eukaryotic genome that conformed to the
core consensus motif for Sak phosphorylation. Sak phosphor-
ylated 9 of the 32 peptides. The inability of Sak to phosphor-
ylate 15 of the 23 peptides can be accounted for by virtue that
these peptides did not conform to the context dependent pref-
erences observed in B3, AKAP, and ASP arrays. Speciﬁcally,
these 15 peptides did not have basic or acidic residues in the
+4 position and/or possessed an Ile, Leu, or Val in the 1 po-
sition. The inability of Sak to phosphorylate the remaining
eight peptide sequences, which did conform to context depen-
dent preferences in the +4 and 2 positions, suggest that other
ﬂanking residues can also have signiﬁcant eﬀects on Sak target
recognition. Indeed, of the nine peptides that were phosphor-
ylated by Sak, four did not have a charged residue in the +4
position. These data suggest that unlike the core consensus
motif positions, the preferences of the ﬂanking positions dis-
play complicated context dependent behaviour.
The Sak consensus phosphorylation motif diﬀers from the
consensus phosphorylation motif of Plk1, which was deter-
mined to be Asp/Glu-X-Ser/Thr-/-X-Asp/Glu [19]. Sak and
Plk1 share the preference for a hydrophobic residue in the
+1 position. However, while Plk1 tolerates any residue in the
+2 position, Sak exhibits a strong preference for large hydro-
phobic residues. In addition, while Plk1 strongly prefers an
acidic residue in the 2 and +3 positions, Sak does not. In-
stead, Sak has a strong preference for a charged residue at
the +4 position and additional weaker preferences at the 1,
2, and +3 positions, where the type of charged residue (i.e.
basic or acidic) is highly context dependent.
The ability of Sak to phosphorylate sequences in vitro with
hydrophobic residues in the +1 positions and acidic residues in
the 2 and +3 position suggest that Sak could potentially tar-
get an overlapping set of Plk1 substrates in vivo. Consistent
with this possibility, Sak and Plk1 localize to similar subcellu-
lar locations, including the centrosomes during interphase and
the spindle pole bodies in mitosis [21,31]. The ability for Sak to
also eﬃciently phosphorylate sequences with basic residues in
the +3 and 2 positions, implies that Sak may have a wider
repertoire of substrates than Plk1 in vivo.
In conclusion, we have shown that the Sak kinase domain
has the ability to autophosphorylate and has robust kinase
activity in vitro. Furthermore, using in vitro phosphorylation
assays on peptide spots arrays, we have deﬁned a target con-
sensus phosphorylation motif for Sak that diﬀers from that
of Plk1. As the Plk1 consensus phosphorylation motif helped
to identify novel Plk1 substrates, our results may prove useful
G.C. Leung et al. / FEBS Letters 581 (2007) 77–83 83to identify cellular substrates of Sak, and to subsequently
understand the molecular events involving Sak signaling.
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